Objective: To explore the relationship between urinary sodium (the best measure of salt intake), urinary calcium, urinary deoxypyridinoline (DPYR) and bone mass. Design: Cross-sectional study. Setting: Population based sample of healthy Hobart residents. Subjects: One hundred and ®fty-four (M 34, F 120) subjects invited to take part from a systematic sample of the electoral roll and a single newspaper advertisement. Results: In both sexes, urinary sodium correlated moderately with urinary DPYR (r 0.32, P`0.0001) and urinary calcium (r 0.37, P`0.0001). In multivariate analysis, the combination of urinary sodium, total body bone area, age and sex explained 22% of the variation in log-transformed DPYR (P`0.00001). In univariate analysis, both urinary sodium and urinary DPYR were strongly associated with bone mineral content and bone mineral density at all sites but this association disappeared after adjustment for confounders particularly body weight. Conclusions: This study has shown that salt intake is associated with markers of bone resorption in a populationbased sample of males and females and appears likely to be a risk factor for osteoporosis despite the lack of a demonstrable association between bone mass and a single measure of urinary sodium excretion. Further studies are needed to de®ne the effect of salt intake on bone mass and fractures more clearly. These studies will need to be either longitudinal or interventional in design with repeated measures of urinary sodium so that habitual sodium intake can be accurately assessed and regression dilution bias can be minimised.
Introduction
Osteoporosis with its sequel of fracture is a major public health problem in Western Society. It is important to identify modi®able risk factors for osteroporosis so that the projected increase in hip fractures worldwide over the next 50 y can be minimised. Much attention has been given calcium intake but other nutrients may also be important. There is international consensus that excessive salt intake is a risk factor for cardiovascular disease (WHO/ISH, 1996) . It may also be a risk factor for osteoporosis. Numerous studies have shown that urinary sodium (the best measure of salt intake in temperate climates (Caggiula et al, 1985) ) correlates strongly with urinary calcium (Massey & Whiting, 1996) and suggest that for every 100 mmol of sodium excreted in the urine there is approximately one mmol loss of calcium (Sagnella et al, 1989) . Urinary sodium also correlates with older less speci®c markers of bone resorption suggesting a possible impact on bone mass (McParland et al, 1989; Need et al, 1991) . Clinical studies in humans relating salt intake to bone mass have been relatively few and contradictory (Nordin & Polley, 1987; Devine et al, 1995; Matkovic et al, 1995; Greendale et al, 1994) . Two studies (Nordine, & Polley, 1987; Devine et al, 1995) found weak but signi®cant correlations between urinary sodium excretion and bone mass while two others (Matkovic et al, 1995; Greendale et al, 1994) found no association. There have been no studies in males and most have involved highly selected subjects. In this study we explored the relationship between urinary sodium, urinary calcium, DPYR and bone mass in a population-based sample of males and females aged between 20 and 70 y.
Methods
Hobart is the capital city of Tasmania, the southernmost state of Australia (latitude 42 degrees S) with a temperate climate. Subjects were recruited from two sources:
(1) Subjects taking part in a study of determinants of salt intake were approached to take part in an additional measure of urinary markers and bone mass. These subjects were initially recruited by a systematic sample from the electoral roll (Beard et al, 1997) . (2) Subjects from the general community were recruited by means of a single newspaper advertisement.
This study was approved by the Royal Hobart Hospital Acute Care Program Ethics Committee.
Subjects were excluded if they had any major illness or were on any regular medication. Subjects who provided informed consent to take part then underwent an interview, simple examination, 24 h urine collection and measurement of bone mass. The questionnaire included items on age, smoking and family history of fracture.
A 24 h urine sample was collected by each subject. Entrants collected urine in 2L plastic containers containing 20 ml of 6 M hydrochloric acid and returned them promptly. Urine volume was estimated by weighing. The volume was adjusted to 24 h for reported longer or shorter collection times. The maximum adjustment was 175 min and only 5 subjects were adjusted by more than 5%. Lean body mass estimates were available from the densitometry scan to check adequacy of collection (see Results). From the 24 h urine separate aliquots were taken, one for measurement of sodium, potassium, calcium and creatinine and a separate aliquot for deoxypyridinoline (DPYR). The samples identi®ed only by code numbers were diluted with neutral pH buffer and analysed in duplicate for sodium and potassium by ion-speci®c electrodes on a Kodak Ektachem 750 XRC analyser and for creatinine by the Ektachem method. For the full electoral roll sample (N 194) , who did not all take part in the current study, the Cvs were as follows: sodium 0.6%, potassium 1.1% and creatinine 5.4% using the formula published for the Intersalt study (ICRG, 1988) . Urinary calcium was measured by analysis of a 10 ml aliquot from the acidi®ed 24 h urine collection, using the Kodak Ektachem Arsenazo III colorimetric method. The CV of this assay is 1.5%. Urinary DPYR was measured by ELISA technique (Metra Biosystems Inc Pyrilinks-D) on a 10 ml aliquot taken from the 24 h urine collection, protected from light by black bag and stored at 720 C prior to analysis (Delmas et al, 1991) . This single measure of bone resorption was chosen because of its ease of availability but more importantly its demonstrated relationship to hip fracture (van Daele et al, 1996) . The between batch CV for this assay in our hands is 10.6% (performed under blinded conditions on repeat samples).
Bone mineral content, area and density at the spine, femoral neck and total body were measured by a Hologic QDR2000 densitometer. The longitudinal CV during 1996 at our institution for this densitometer was 0.54% assessed using a spine phantom. The radiation dose is less than 0.5 mGy.
Statistics
A combination of univariate and multivariate approaches was utilised to analyse the data. Pearson product moment correlations were used to examine relationships between the study factors of interest and the two main outcomes of urinary DPYR and bone density. Linear modelling techniques were then utilised to examine multivariate associations. DPYR was log-transformed as it was not normally distributed while bone density did not need to be transformed. A sequential approach to analysis was followed with regard to determining causal associations. All independent variables of interest were initially included. All variables of causal interest with a P-value`0.15 were included in the ®nal model although a P-value of 0.05 was regarded as signi®cantly different.
Results
There were 154 subjects in total (34 male, 120 female). Demographics are as described in Table 1 . There were 69 subjects (26 male, 43 female) who took part from the electoral roll sample and 85 from the newspaper advertisement (8 male, 77 female).
Urinary sodium correlated moderately with urinary DPYR (both sexes r 0.32, P`0.0001) and urinary calcium (both sexes r 0.37, P`0.0001). Figures 1 and 2 show the sex speci®c differences in the strength of association between the urinary markers. Males had a non-statistically signi®cant trend towards higher levels of DPYR than females (mean difference 6.63 nmol/d, 95% CI 70.16 to 13.44, P 0.06, t-test with equal variance). DPYR levels decreased with age in both sexes (r 70.20, P 0.02) and there was a trend towards higher levels in premenopausal Figure 1 Scatterplot of urinary sodium and calcium. In both sexes there is a statistically signi®cant association between urinary calcium and urinary sodium and the strength of the association is similar in both sexes.
Relationship between salt intake, bone resorption and bone mass G Jones et al women (mean difference premenopausal vs postmenopausal 8.63 nmol/d, 95% CI 724.2 to 7.1, t-test with equal variance). DPYR also correlated with total body bone area in both sexes (males r 0.40, P 0.02, females r 0.41, P`0.0001). In multivariate analysis, the combination of urinary sodium, total body bone area, age and sex explained 22% of the variation in log-transformed DPYR (P`0.00001, Table 2 ) and the association with urinary sodium remained statistically signi®cant (P 0.019). In univariate analysis, both urinary sodium and urinary DPYR were strongly associated with bone mineral content and bone mineral density at all sites but this association disappeared after adjustment for other factors particularly body weight (Table 3) . Urinary calcium was not associated with bone mass in either analysis.
Lean body mass correlated strongly with 24 h urinary creatinine with few outliers suggesting overall accuracy of urine collection (r 0.82, P`0.00001, Figure 3) .
Discussion
This population-based study in both healthy males and females shows that a marker of bone resorption (as measured by DPYR) is independently associated with urinary sodium and suggests the risk of osteoporosis can be in¯uenced by dietary intake of salt. It con®rms the association found by others between urinary sodium and calcium but has failed to ®nd any non-confounded association between urinary markers and bone mass.
There are a number of potential reasons why we were unable to ®nd an association between salt intake and bone mass. There may, in fact, be no relationship as bone may adapt to changes in urinary calcium excretion by increasing calcium absorption (assuming calcium intake is adequate). However, if this was the case, one would not expect to see a change in markers of bone resorption as these markers are able to predict changes in bone mass over time (Garnero et al, 1996) . It is therefore more likely that we were unable to link salt intake with bone mass because a single 24 h urinary Figure 2 Scatterplot of urinary sodium and DPYR. In females there is a statistically signi®cant association between urinary DPYR and urinary sodium which is non-signi®cant and appears weaker in males. Relationship between salt intake, bone resorption and bone mass G Jones et al sodium is only an approximation of habitual sodium intake. Day to day variation in the sodium excretion of individuals is so great that`regression dilution bias' may reduce the slope of the regression line of sodium on a dependent variable such as blood pressure to a quarter of its true value (Frost et al, 1991) and this may well apply to bone mass also. This short-term variability in sodium excretion may also explain in part the well demonstrated short-term variability in pyridium cross-link assays (Colwell et al, 1993) . Indeed, our data show bone resorption markers vary rapidly with sodium intake suggesting this is the case. On the converse, any effect on bone mass might only be detectable with repeated measurements of both urinary sodium and bone mass. This study controlled for a number of important potential confounders but it was crosssectional in design, and a longitudinal approach would appear to be required to reduce regression dilution bias as well as accurately assess habitual sodium intake. Discrepancies between the other studies in the literature may be explained by differences in study design. The two studies which found an association (albeit weak) were longitudinal studies with repeated measurement (Nordin & Polley, 1987; Devine et al, 1995) while the two negative studies were either cross-sectional (Matkovic et al, 1995) or only measured sodium intake by a suboptimal technique (questionnaire) administered on one occasion 16 y before measuring bone mass (Greendale et al, 1994) . We chose only one direct marker of bone resorption from a large range of possible candidates. This particular marker appears to be among the most speci®c for bone collagen and has been associated with incident hip fractures (van Daele et al, 1996) so we considered it adequate on its own. It had the additional bene®t of being available locally. We are aware of no current reports linking salt intake to this marker although it has been associated with other less speci®c measures of bone resorption (McParland et al, 1989 ; Need et al, 1991). There was some variation between the strength of the associations in males as compared to females. These may re¯ect true differences but none were statistically different when compared to each other so it is likely that these apparent differences are in¯uenced by the smaller sample size in males and postmenopausal women and may re¯ect type II error. These observations need con®rmation in larger samples of males and females.
This study was unique in comparison to other studies in that it involved a population-based sample of both males and females rather than highly selected individuals. There is some evidence of selection bias, however, in that more females took part in this study than the overall study. Subjects, however, had very similar sodium excretion rates to that found in the total electoral roll sample of 118 AE 42 (mean AE s.d.) for females and 170 AE 52 (mean AE s.d.) for males (Beard et al, 1997) . The second group selected by newspaper advertisement, in particular, appeared to have a higher prevalence of one well recognised risk factor for osteoporosis ie family history with 59% having at least one direct descendent with fracture. Overall, these features suggest that osteoporosis subjects are at greater risk of osteoporosis but are representative in terms of salt intake and thus can be called populationbased.
Conclusions
This study has shown that salt intake is associated with markers of bone resorption in a population-based sample of males and females and appears likely to be a risk factor for osteoporosis despite the lack of a demonstrable association between bone mass and a single measure of urinary sodium excretion. Further studies are needed to de®ne the effect of salt intake on bone mass and fractures more clearly. These studies will need to be either longitudinal or interventional in design with repeated measures of urinary sodium so that bias is minimised and habitual sodium intake is accurately assessed. Relationship between salt intake, bone resorption and bone mass G Jones et al
